Water plays a fundamental role in living systems both as a unique solvent and as a fluid transporting substances between different organs or in plants e.g. from roots to leaves. In animals the fluid (blood) circulates through the body driven by an energy con suming pump (heart). In plants water flows from roots to leaves downhill the gradient of the chemical (water-)potential. Water easily transverses the mem braneous barrier of single cells or unicellular organ isms surrounded only by a plasma-membrane. In these cases, extracellular and intracellular water is rapidly exchanged, with exchange-times on the order of some milliseconds [1] [2] [3] [4] [5] [6] [7] . Though a variety of methods are available [8] [9] [10] [11] [12] [13] and the number of ex perimental observations on the passive water-permeation is increasing, we are far from understanding the water-permeation on a molecular or mechanistic basis. In tissues and plants the situation is even more complex because one must discriminate between dif ferent pathways such as long, medium and short dis tance transport [14] or apoplasmic, symplasmic and transcellular pathways (e.g. [15]). In addition most methods suitable for measuring the water-permeation across lipid-bilayers or plasma-membranes can not easily or cannot at all be extended from measure ments on single cells to those on organized systems.
Introduction
Water plays a fundamental role in living systems both as a unique solvent and as a fluid transporting substances between different organs or in plants e.g. from roots to leaves. In animals the fluid (blood) circulates through the body driven by an energy con suming pump (heart). In plants water flows from roots to leaves downhill the gradient of the chemical (water-)potential. Water easily transverses the mem braneous barrier of single cells or unicellular organ isms surrounded only by a plasma-membrane. In these cases, extracellular and intracellular water is rapidly exchanged, with exchange-times on the order of some milliseconds [1] [2] [3] [4] [5] [6] [7] . Though a variety of methods are available [8] [9] [10] [11] [12] [13] and the number of ex perimental observations on the passive water-permeation is increasing, we are far from understanding the water-permeation on a molecular or mechanistic basis. In tissues and plants the situation is even more complex because one must discriminate between dif ferent pathways such as long, medium and short dis tance transport [14] or apoplasmic, symplasmic and transcellular pathways (e.g. [15] ). In addition most methods suitable for measuring the water-permeation across lipid-bilayers or plasma-membranes can not easily or cannot at all be extended from measure ments on single cells to those on organized systems.
In the following we describe a method to observe water-fluxes in thin (s. below) systems or sections. The same method can further be extended to allow measurements on single cells. In some respect the new method adheres to our previously developed strategies and relies also on "spectroscopic differ ences" of H20 and D20 . The previously developed techniques make use of the D20-sensitive fluores cence quantum-yield of some fluorescent compounds [8] and of the different refraction-indices of D20 and H20 [16] , The later difference leads to a solventisotope-effect of light scattering [16] , We here de scribe a third attribute of the D20/H 20 system which can be used to directly observe water-fluxes in tissues and plants. The principle together with the limita tions and first results will be presented below.
Principle
The strategy is based on the different absorption spectra of D20 and H20 in the near infrared (NIR) region; these spectra are reproduced in Fig. 1 . The visible H20-bands are due to overtone or combina tion vibrations of the OH-group [17] , For D20 the spectral range between 800 nm and 1900 nm is prac- In agreement with results by Luck [18] it was further observed that salts at moderate concentrations have only a minor effect on the spectra. By comparing the measured OD at 1450 nm for thin layers with reference to the same system in pure H20 and pure D20 it is possible according to Fig. 2 to calculate the H20/D 20-content or at constant isotope-composition of the solvent to deduce the depth of the absorbing water-layer. The differences of the H20 -D20 NIR absorption signals can further be used to measure transport phenomena by chang ing the H20/D 20 composition and following the time-dependent signal, i.e. performing an isotopejump experiment. The method is limited to thin sam ples where the unspecific background absorption of the supporting (dry) material (proteins, cellulose) is still transparent to the measuring light. It will further be possible to visualize directly the H20/D 20 content or the H20/D 20-fluxes in dynamic studies by appro priate video techniques with NIR-sensitive targets.
Experiments and Results
All spectra were obtained with a single beam Zeiss PMQ 2-spectrometer using the PbS-cell in the range between 800 and 2200 nm at room temperature. For the work on thin layers with high background ab sorption, the band-width of the reference (air or D20 (Merck, Darmstadt)) and of the sample were set to differ by a constant factor to allow a convenient ODreading for the sample. Usually the slit-width for the reference was 1/10 to 1/25 the slit-width for the sam ple. Thus the actual meter-readings correspond to apparent OD-values under the chosen experimental conditions.
Objects to be studied were placed between the monochromator exit and the PbS-photocell. Care was taken that the objects stayed in contact with the aqueous reservoir (H20 or D20 ). For kinetic studies an interference filter (Oriel, Darmstadt, 1450 nm Type 3) was mounted in front of the photo-cell, al lowing the observation at 1450 nm without any inter ference of the day-light. Fig. 3 reveals three spectra for filter-paper (Machery-Nagel, Düren, MN 615) in the spectralrange between 800 and 2200 nm. The spectra corre spond from top to bottom to the dry filter, the filter soaked in H20 and D20 , respectively. As a conse quence of the different indices of refraction of air and H20 or D20 , the light scattered and therefore the background-absorption are reduced by going from the dry to the wet filters. The absorption de creases in the series dry, wet (H20 ), wet (D20 ). Fig. 4 indicates that the differences between the H20 and D?0 spectra seen in the filter-paper are also visible in plant leaves where the water (H20 ) had been exchanged by D20 . In both cases, filter-paper and plant leaf, there is a pronounced difference at 1450 nm and above 1900 nm between the H20 and D20 spectra. The water-band at 1450 nm is almost lost for the D20-soaked tissues (the small scatter of the D20 spectra may be due to the residual humidity in the light path). From the difference of the H2OZ D20 peak-heights at 1450 nm, the thickness of the water-layer can be approximated. For the sumach (Rhus typhina)-leaflets we calculated a thickness of 0.19 mm which compares well with results obtained by a micrometer (0.21 mm). The good correlation between these values is evidently due to the fact that most of the plant mass in the light beam consists of exchangeable water.
In kinetic studies the transmitted light at 1450 nm is monitored after applying a change of the isotopic solvent composition, i.e. by going from H20 to D20 . Fig. 5 reports results obtained for a filter-paper sys- tem. In the two cases considered the filter-paper was placed between quartz-plates. For system A the quartz-plates totally covered the filter-paper while for system B the filter-paper was larger than the support ing quartz-plates. Both systems were connected to the aqueous reservoir and the change of the isotopic composition of the reservoir was applied after an ini tial steady state was established. In system A prima rily the diffusional exchange is effective. In addition, system B contains a contribution from the transpirational flow from the reservoir through the filterpaper into the air. The predominant effect of the transpiration is borne out by the experimental re sults. The approximated half times are 2 and 0.5 h for the system without and with transpiration, re spectively.
Kinetic experiments were also carried out with plant leaves from a sumach-tree. Leaflets were cut under water from the fresh leaves and mechanically fixed so that they stood upright with their stem reaching into the aqueous reservoir. The observation light through a spherical diaphragm of 3 mm diame ter could be directed through the main water vessel or through the periphery. After an equilibration period the isotopic composition of the reservoir was changed from H20 to D20 . The observed kinetics resembled the exchange-kinetics of the filter-paper system except that the half-times were longer. The exchange was reversible, i.e. the back-reaction D20 -> H20 led to the initial value (before the application of the D20-jump). It was further observed that the exchange-kinetics in the periphery was slower than the kinetics in the main vessels.
Discussion and Limitation
The results obtained so far demonstrate the capa bility of the method. The method is versatile and can be adapted to various problems and objects under a variety of conditions. Except for unspecific light scat tering we did not observe any specific absorption in the spectral range studied which resulted from the non-aqueous material. The experimental curves ob tained from the kinetic studies can be fitted by a mathematical simulation.
For kinetic experiments the method relies on spec troscopic differences of H20 and D20 of the ex changeable water. For plant leaves it was shown by neutron scattering [19] that the bulk water comprises 80%, the remaining water is 3-times coordinated or to a few percent firmly and thus irrotationally bound [19] . Water of plant leaves has further been modelled on the basis of recent NMR data [20] .
The limitations of the method are of both physical and biological origin. The material must be transpa rent in the applied wavelength region, which puts an upper limit on the thickness of the samples. How ever, most biological material at thin layers is trans parent at the wavelength considered. A lower limit in thickness will certainly exist for those cases where adsorption phenomena have on overwhelming influ ence on the water-structure and might overshadow the described H20/D 20 spectra and effects. Vicinal water-layers up to 100 Ä (equivalent to about 30 molecule-diameters) or more [21] are discussed in that respect. Small D20-induced contributions of the thickness of the water-layer, if existent, can be toler ated because D20 is transparent at the wavelength chosen. The species HDO is at thermodynamic equi librium with H20 and D20 . However, the inclusion of the species HDO and the evaluation of the data of Fig. 2b as function of the actual H20 concentration does not lead to a straight line. Thus the LambertBeer-law does not strictly hold, possibly due to intermolecular interactions and the interference with HDO-vibrations. For the present considerations specific HDO-influences can be neglected.
The biological limitations result from the usual D20-intolerance of plants. Osmotic effects of heavy water were discussed in connection with measure ments of the water-permeability of plant cells [22] , The different behaviour of living systems in H20 and D20 is certainly due to secondary effects, i.e. D20-induced changes in viscosity, hydrophobicity and rate constants or pK-values for protonation/deprotonation reactions. We succeeded to grow a bean from the seed up to the first leaves. However, the differ ences with respect to controls grown up in H20 were rather remarkable. Difficulties arising from the D20-intolerance are only limiting in long term studies where one is interested in the survival of the plants or generally the object to be studied. Two possible ways to overcome these difficulties can be considered: i. the application of only low concentrations of D20 together with an increase of the sensitivity of the measuring device, and ii. the application of short isotopic pulses. The monitoring of short D20-pulses should have the additional advantage of allowing a decoupling between flux and diffusion.
In contrast to IR light in the main absorption re gion of water (3280 cm-1, 3490 cm-1 [23, 24] ), which leads within seconds to leaf-damage, the application of the NIR light did not induce visible changes even after prolonged periods of time. Current studies are concerned with experimental refinements, so that studies on plant systems under various well defined conditions, including effects of environmental-toxins, can be pursued.
